Abstract-To solve the existing problems on traditional method of calling function at ultrasonic S-scan coordinate conversion, this paper introduced the FPGA implementation of ultrasonic S-scan coordinate conversion based on Radix-4 CORDIC algorithm. On the analysis of the Radix-4 Rotation CORDIC algorithm, we selected 7-level pipeline structure on FPGA, used the preprocessing technique to solve the non-constant problem of scale factor. The simulation results show that the maximum error of Radix-4 Rotation CORDIC algorithm is 1.5×10 -3 and the computing latency is only 7T at 16 bit data-width under 100MHz FPGA. The scan conversion rate speed up at least 10 times, and the output effect of the image is basically the same as the traditional method. The algorithm has the characteristics of low latency, high speed and high precision, suitable for real-time signal processing applications.
I. INTRODUCTION
Ultrasonic detection technology was first used in military radar and medical B mode ultrasound, but now has been widely used in industrial phased array [1] - [3] . Digital Scan Conversion (DSC) is one of the key technologies in signal processing, including coordinate transformation and linear interpolation. Traditional method transfers the polar coordinates into Cartesian coordinates by calling function directly, costing more time, requiring larger space for data storing, and resulting a lot of redundant data. Therefore many scholars have studied various algorithms on the digital scan conversion, which the CORDIC (Coordinate Rotation Digital Computer) algorithm is one of the most typical algorithms. For example, Sikdar (2001) used traditional CORDIC algorithm to realize the coordinate transformations of B mode ultrasound linear scan based on MAP-CA processor, with online programming and solving the coordinate's conversion effectively [1] . Tan (2003) realized the coordinate conversion of B mode ultrasound linear scan based on traditional CORDIC algorithm, solving the conversion of Cartesian coordinate to polar coordinates [4] . The above research is focus on the B mode ultrasound linear scan. However, the sector scan (S-scan) is mainly used in industrial Ultrasonic detection. Many scholars have studied the application of CORDIC algorithm on S-scan. Zeng (2011) used Radix-4 vector CORDIC algorithm to realize coordinate transformations of B mode ultrasound, which he pointed out the shortcomings of Radix-2 algorithm and the advantages of Radix-4 algorithm, but they haven't discussed in detail on the practical application yet [5] . Liu (2014) studied the delay focusing and imaging technology of ultrasonic phased array, and put forward the FPGA implementation of Radix-2 CORDIC algorithm using complement method [6] , [7] . Now the method of Lookup table or directly calling function on FPGA is still used on ultrasonic scan coordinate conversion with the shortcomings of long latency and slow speed. This paper will use Radix-4 rotation CORDIC algorithm to realize coordinate conversion of ultrasound S-scan on FPGA, which has an important practical value in improving the real-time signal processing.
The paper is arranged as follows: the second part introduced the theory of ultrasonic S-scan conversion principle, the Radix-4 CORDIC algorithm mechanism and realization on FPGA, the third part introduced the simulation and analysis of Radix-4 Rotation CORDIC algorithm, finally draw a conclusion.
II. THEORY

A. Ultrasonic S-Scan Coordinate Conversion Principle
There are many modes on ultrasound scan, such as A-scan, B-scan, C-scan and S-scan etc. Ultrasonic S-scan is that the ultrasonic transducer puts the different transmit pulse signals to different phase through different array elements, and the probe scans the sector area along an angle, which each original beam rotates around the Y axis, and samples along the radial direction on different echo. All points of ultrasonic echo data are stored on polar form in the data memory. The polar coordinate system is converted into the corresponding Descartes coordinate system after interpolation and filtering, and output 2-Dimension image on screen. This process of digital conversion corresponds to the conversion of polar coordinate to Cartesian coordinate system.
The comparison chart of coordinate conversion is shown in Fig. 1 , which the first method used traditional method of calling function and the second used Radix4 CORDIC algorithm module. The traditional method directly calls the DSP system function using a lot of multipliers and divider, which causes the system resource overhead, long delay, and data congestion. For high precision, the Lookup table memory resources are in big demand, which is difficult for real-time processing. This paper used Radix-4 CORDIC algorithm module to realize coordinate conversion, which could convert a lot of trigonometric function operations into The model graph of Cartesian coordinates and polar coordinates is shown in Fig. 2 . We define the point of Cartesian coordinates as P (x i , y i ), which x i and y i are expressed as horizontal coordinates and vertical coordinates of Cartesian coordinate system. We also define the point of polar coordinates as P(r i , φ i ), which r i and φ i are expressed as the polar radius and polar angle. Thus the mathematical expression of polar coordinate to Cartesian coordinate system can be expressed as formula (1). 
The image data, with huge data volume, demands a lot of work when conversion procession. It is very important to improve the coordinate conversion of ultrasound scan if a CORDIC algorithm module on FPGA real time operation is designed. 
B. Radix-4 CORDIC Algorithm Mechanism
Radix-4 CORDIC algorithm has two operation modes: rotation mode and vectoring mode [8] , [9] . The sine and cosine of any angle can be calculated on rotation mode which realized the conversion of Cartesian coordinates to polar coordinate. The operation of square root and the arctangent function can be realized on vector mode, which realized the conversion of Cartesian coordinates to polar conversion. In this paper, we focus on the rotation mode which will be discussed as followed.
The basic iterative equations of Radix-4 Rotation CORDIC algorithm [8] are:
where, { 2, 1,0, 1, 2} i σ ∈ − − + + , After n-iterations x and y will have a gain of the scale factor K, which can be expressed as formula (3). 
w →0, the equation will be transformed as formula (6).
According to the iteration results of x n+1 and y n+1 , the sine and cosine values of angle can be calculated as: Thus the iterative process is translated into add and shift operations, which the computing speed can be accelerated. If the angle is represented by 16 bit binary number, the angle resolution is expressed as 360˚/(65536-1)=0.0055˚. As the angle resolution of CORDIC algorithm has not resolved after 7-iterative, so we use 7-level pipeline architecture to realize algorithm on FPGA. The i-level pipeline structure diagram on FPGA is shown in Fig. 3 . Here are some codes of the comparison and iterative process at the 2-level pipeline architecture. 
A. System Resource Usage
Based on the Quartus II9.0, we have simulated on Cyclone II: EP2S15F484C6 FPGA to observe system resource usage. The system resource usage of algorithm using pipelining architecture is list at Table I. We can find that the system resources usage of algorithm is very low which is only 1781 logic elements, 282 logic registers, 16 multipliers and 0 PLLs. 
B. Calculation Speed
On the analysis of the algorithm, we selected the angle of 0 degree as the object of observation. The timing simulation waveform is shown in Figure 4 . If the system clock is T, the computing latency of sine and cosine function is 7T. For an image of 600×420 pixel under 100MHz FPGA, considering the non-operational latency as 300T, the total conversion time of image is t=600×420×7T+300T = 1.8ms. However,
on the MAP-CA processor [1] . So the scan conversion rate of algorithm would improve the efficiency at least 10 times than the traditional algorithm 
C. Error Analysis
Based on the Modelsim6.5, we have simulated on Cyclone II: EP2S15F484C6 FPGA to analyze the precision of algorithm, where the clock frequency is 100MHz and the data width is 16 bit. In order to improve the resolution of data operations, we expand 8192 times to sample data. At Table II we give the cosine values of part of angle on FPGA operation, where the maximum calculation error is 3×10 -4 . The calculation error of sine function is shown in Figure 5 when the angle is between -90 degrees and less than 90 degrees, where the maximum calculation error is 1.5×10 -3 . 
D. Output Effect
To verify the output effect of scanning image coordinate conversion, based on PA2000 ultrasonic phased array instrument made in Guangzhou Doppler Electronic Technology Co., Ltd., the S-scan original image data is sampled. S-scan data acquisition parameters of ultrasonic phased array are list in Table III . Respectively using the traditional method of calling function and Radix-4 Rotation CORDIC algorithm module to read the image data, we would achieved the output image by coordinate conversion, and compare their output effect based on Matlab. The comparison chart is shown in Fig. 6 . The test results show that the imaging quality is basically the same (the original image with 524×31 pixels changed to 930×524 pixels after interpolation) in two ways conversation. Thus, the method of using Radix-4 Rotation CORDIC algorithm module could effectively replace the traditional method of calling function in image processing. 
IV. CONCLUSION
In this work, we used Radix-4 Rotation CORDIC algorithm module to realize the ultrasonic S-scan image coordinates conversion, used the pretreatment technique to solve the non-constant problem of scale factor K. Since the workload of image data conversion process is very huge, including a large number of functional operations, this work has very high application value on improving the speed of computation. The simulation results show that the maximum error of Radix-4 Rotation CORDIC algorithm is 1.5×10 -3 and the computing latency is only 7T at 16 bit data-width under 100MHz FPGA. Compared with the traditional method of calling function, the scan conversion rate speed up at least 10 times, and the output effect of the image is basically the same as the traditional method. 
